The sequence of the first 71 nucleotides from the 3'-OH end of tobacco mosaic virus RNA has been determined. After total Ti ribonuclease digestion of the viral RNA, the oligonucleotide C-C-C-AoH, which originates from the 3'-OH terminus of the RNA, may be readily detected by electrophoresis at pH 2.5 or pH 3.0; it is the only oligonucleotide that migrates toward the cathode at these pHs. This property has been used to screen the purified products of partial Ti ribonuclease digestion of tobacco mosaic virus RNA for the fragment originating from the 3'-end of the native molecule. The sequence of nucleotides in the 3'-terminal fragment, identified in this manner, was determined by radiochemical methods. The fragment contained 71 nucleotides; no abnormal bases could be detected. Although it has been reported that the 3'-end of tobacco mosaic virus RNA is a substrate for aminoacylation by the histidyl-tRNA synthetase of yeast or Escherichia coli, we were unable to fold the sequence into the cloverleaf structure characteristic of tRNAs.
The extremities of viral nucleic acids are regions of considerable interest, as it is believed that they are in many cases devoted to purposes other than the coding of proteins. Consequently, we have undertaken a study of the termini of the RNA of tobacco mosaic virus (TMV) with the ultimate aim of determining the nucleotide sequences of these portions of the molecule.
The 5'-end of TMV RNA is thought to bear a sequence of 10 to 50 nucleotide residues with a high affinity for the double disk of TMV protein (1) (2) (3) . There is little doubt that possession of this sequence facilitates the initial stages of viral reconstitution, which is known to commence with the binding of a double disk to the 5'-end of the RNA. The sequence of the 5'-end of TMV RNA is not yet known. We have described elsewhere, however, an RNA fragment derived from the coat protein cistron which can bind tightly to the double disk and which we believe to be similar in sequence to the 5'-end (4, 5) . The 3'-terminus of TMV RNA has not yet been assigned a viral function. Oberg and Philipson (6) and Litvak et al. (7) , however, have reported that TMV RNA, in common with the RNAs of several other plant viruses (8, 9) , serves as a substrate for an aminoacyl-tRNA synthetase under conditions similar to those in which this class of enzymes recognizes tRNAs. In the case of TMV RNA, the amino acid that is fixed at the 3'-end is histidine (6) . It has been suggested that the viral RNAs that can be enzymatically aminoacylated in this manner possess a tRNA-like structure at their 3'-ends (7) . The role such a structure might play, however, remains uncertain.
The present paper reports the sequence of the first 71 nucleotides of the 3'-end of TMV RNA. A secondary structure, which is not tRNA-like, is proposed for this portion of the molecule.
MATERIALS AND METHODS
Preparation of 32P-Labeled TMV RNA and Its Partial Hydrolysis with Ti RNase. The growth and purification of 32P-labeled TMV and the extraction of RNA from the virus have been described elsewhere (4 20 hr at 4°. The bands of RNA were localized by autoradiography. Each band was sliced from the gel and the material within it was further purified by electrophoresis in 15% polyacrylamide gels. The purified RNA fragments were excised from the second gels and eluted electrophoretically onto disks of DEAE-paper (10 bands from the gel and analysis of the sequence of the purified products by two-dimensional ionophoresis were carried out as described above.
Thin-Layer Chromatography. The 3'-OH terminal fragment was tested for the presence of abnormal bases by two-dimensional chromatography upon a thin layer of cellulose (12) .
The RNA sample was mixed with 80 ug of carrier yeast tRNA in 40 M1 of 0.05 M ammonium acetate buffer at pH 4.5 and incubated for 2 hr at 370 with 2.5 units of a mixture of T1 and T2 RNases prepared according to the method of Hiramaru et al. (13) . The hydrolysate was subjected to twodimensional chromatography upon a cellulose thin-layer plate in order to separate the mononucleotides. The solvent in the first dimension was isobutyric acid: ammonia: water (66: 11: 33) and the solvent in the second direction was concentrated hydrochloric acid: isopropanol: water (17.6: 68: 14.4).
RESULTS
Identification of the Ti RNase Partial Digestion Product that Contains the 3'-Terminus of TMV RNA. Limited digestion of TMV RNA with T1 RNase produces a collection of RNA fragments which can be fractionated by electrophoresis upon a polyacrylamide gel.
We wished to identify and sequence the fragment that contains the 3'-end of the intact RNA molecule. TMV RNA is known to have the sequence G-C-C-C-AoH at its 3'-OH end (14) (15) (16) . Accordingly, only the RNA fragment that derives from the 3'-end of the RNA molecule can give rise to the oligonucleotide C-C-C-AOH upon exhaustive hydrolysis with T1 RNase. All the T1 RNase digestion products of the other fragments will terminate in Gp. In order to facilitate screening of the fragments for the telltale oligonucleotide C-C-C-AOH, we adopted the procedure used by Minson and Before examination of the fractionated RNA fragments for the presence of the 3'-terminal oligonucleotide by the method of Minson and Darby, the reliability of the method was tested on total TMV RNA. 32P-Labeled TMV RNA was digested to completion with T1 RNase and subjected to electrophoresis on Whatman 3 MM paper at low pH (either pH 2.5 or pH 3.0). At either pH, only one spot of radioactivity was found to have moved toward the cathode (Fig. 1) . The material in this spot was eluted and its sequence was determined. Electrophoresis at pH 3.5 revealed that the only mononucleotide 3'-phosphate produced by alkaline hydrolysis was cytidine 3'-phosphate, demonstrating that the oligonucleotide must be derived from the 3'-end of the TMV RNA molecule. Total digestion with snake venom phosphodiesterase produced pC and pA in the ratio 2 to 1. The sequence of the isolated oligonucleotide, therefore, must be (G)C-C-C-AOH, in agreement with the sequence previously established (14, 15, 16) for the 3'-terminus of TMV RNA.
TMV RNA was partially digested by T1 RNase and the resulting RNA fragments were purified by polyacrylamide gel electrophoresis (Fig. 2) . Each fragment was examined for the (Fig. 3A) and T1 RNase (Fig. 3B ) digests of the 3'-end RNA fragment T 3'-OH. The oligonucleotides were separated by electrophoresis in the first dimension on cellulose acetate at pH 3.5 (arrow 1) and in the second on DEAE-cellulose paper in 7% (v/v) HCOOH (arrow 2). Each oligonucleotide product in the fingerprints has been assigned a number in the accompanying diagrams ( Fig. 3C and D) . The spots represented by open circles on the diagrams correspond to degradation products of the main oligonucleotides. Oligonucleotide tiO often migrated as two spots. In this experiment, the pancreatic and T1 RNase digests were electrophoresed upon the two halves of the same DEAE 81 sheet and the pancreatic RNase product of greatest mobility, Up (spot pl), has migrated into the T1 RNase fingerprint. It is in the vicinity of spot ti2 (Fig. 3B) .
presence of the 3'-terminal oligonucleotide, C-C-C-AoH, in the manner described above. Upon digestion to completion with T1 RNase, only one fragment was found to give rise to an oligonucleotide that migrated toward the cathode upon electrophoresis at acid pH. We concluded that this fragment, which we shall term T3'-OH, originated from the 3S-end of TMV RNA.
Sequence Analysis of Fragment TS'-OH. Fragment T3'-OH was digested to completion with Ti RNase and the products were separated by two-dimensional electrophoresis (Fig. 3B) . The accompanying diagram (Fig. 3D) identifies the oligonucleotides by number. Each product was further characterized by digestion with pancreatic RNase, U2 RNase, snake venom phosphodiesterase, and alkaline hydrolysis. Table 1 gives the sequence deduced in each case and the molarity of the oligonucleotides in the intact fragment. Note that the oligonucleotide C-C-C-AOH (spot t6, Fig. 3D ) is readily identifiable from its unusual position on the fingerprint.
Fragment T3'-OH was also characterized by two-dimensional electrophoresis after digestion with pancreatic RNase (Fig. 3A and C) . The sequence of each oligonucleotide was deduced by hydrolysis with T1 RNase, snake venom phosphodiesterase and by alkaline hydrolysis ( Table 1) .
The complete sequence of oligonucleotide U(A-U,A-U,U,-C,A-C)A-U-C-C-G, and the oligonucleotides G(A-G,G,G,-G,)U and U(U,C)G have not been established at this time. The low specific radioactivity and the low yield in fragment T3'-OH did not permit an extensive study of these oligonucleotides by partial hydrolysis using either snake or spleen phosphodiesterases.
Partial Enzymatic Digestion of Fragment T3'-OH. Fragment T3'-OH was partially digested with T1 ribonuclease and the RNA fragments were separated on 15% polyacrylamide gel ( partial digestion products, regions of overlap among them can be detected and the overall ordering of oligonucleotides in the parent fragment may be deduced (Fig. 4) .
As shown in Fig. 4 , the 3'-terminal half of the T3'-OH fragment may be folded into two adjacent hydrogen-bonded loops. The free energy of formation of the loop c0losest to the 3'-end is estimated to be -11 keal/mol by the rules of Tinoco et al. (18) ; the free energy of formation of the neighboring loop is -17 koal/mol. The proposed secondary structure is reasonably consistent with the specificity of action of T1 RNase upon the fragment during partial digestion; with few exceptions, cleavage occurs preferentially at guanine residues located in the region of the molecule assigned a single-stranded structure.
Does Fragment TS'-OH Contain Abnormal Bases? Thin-layer chromatography upon layers of cellulose was used to test for the presence of abnormal bases in fragment T3'-OH. A portion of the purified fragment was digested to mononucleotides with a mixture of ribonucleases T1 and T2 and chromatographed upon a cellulose thin-layer plate (Fig. 5) . No spot can be seen on the chromatogram aside from the common niucleotides A, C, G., and U and spot X, which migrates with the solvent front and which may correspond to ribose phosphate formed by acid-catalyzed depurination of guanylate residues during the second step of chromatography (G. Keith, personal communication).
DISCUSSION
In this paper we have described the sequence of an RNA fragment of 71 nucleotides originating from the 3'-OH end of TMV RNA. Identification of the fragment was facilitated by If a product is underlined once, it was present in two-molar yield, if underlined twice, in three-or more molar yield. * Additional information was obtained on the sequence of oligonucleotides tlO and tl2 by digestion with U2 RNase. the unusual electrophoretic behavior of the 3'-terminal oligonucleotide, C-C-C-AoH, which is liberated by total T1 RNase digestion. As the RNAs of a number of other viruses are known to end with (G)C-C-C-AoH or (G)C-C-CoH (19, 17) The most plausible secondary structure for the T3'-OH fragment consists of two hydrogen-bonded hairpin loops near the 3'-terminus preceded by a region devoid of base pairing (Fig. 4) . A rather similar secondary structure is believed to exist near the a'-terminus of bacteriophage R17 and MS2 RNAs (20, 21) , where it is thought to contain part of the recognition site for the viral RNA replicase.
The 3'-terminal sequence of TMV RNA cannot be folded into a cloverleaf secondary structure of the type characteristic of tRNA. This may be regarded as somewhat surprising in view of the reports by Oberg and Philipson (6) and Litvak et al. (7) that TMV RNA can be enzymatically aminoacylated with histidine at its 3'-terminus to the extent of 0.06 or 0.37 mol of amino acid per mole of RNA, depending upon the source of the histidyl-tRNA synthetase. Apparently, TMV RNA need not have a cloverleaf-type secondary structure in order to take on a three-dimensional form which may be recognized, albeit imperfectly, by a tRNA-specific enzyme. It will be of interest to see if the 3'-termini of turnip yellow mosaic virus and bromegrass mosaic virus RNAs, each of which is recognized with close to 100% efficiency by a specific aminoacyl-tRNA synthetase (8, 9) , display a greater degree of structural homology with the cloverleaf form. It will also be of interest to determine if the isolated T3'-OH fragment can fix histidine, and if so, to what extent.
